was

PROCEEDINGS. OF THE 1999
'PARTICLE ACGELERAROR CONFERENCE

., g a . VOLUME 1 OF 5
e - s
[ . e O PAGES 1-648

&

ﬁhusxm

IEEE  Sorichy

) g g ! ’ BROOKHAVEN NATIONAL LABORATORY

Brooknaven Science Associctes







REPORT DOCUMENTATION PAGE O e a6

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
Blank) June 1999 Final; March 27- April 2, 1999
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
‘Proceedings of the 1999 Particle Accelerator Conference G
Volumes 1 through §
6. AUTHORS

A. Luccio, W. MacKay - editors

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
Brookhaven National Lab NUMBER
P.O. Box 500

Upton, NY 11973

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING AGENCY
U.s. DOE REPORT NUMBER

National Science Foundation
Office of Naval Research

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Available to public

13. ABSTRACT (Maximum 200 words)
Papers for the eighteenth biennial Particle Accelerator conference, an international forum on acceleator science and tehnology held March 27-April 2, 1999
in New York City, organized by Brookhaven National Lab.

14. SUBJECT TERMS 15. NUMBER OF PAGES
3779

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT uL
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 . Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z38-1
298-102

h | N 20000205 O 30




BROOKHAVEN ?gh‘“;gﬁ

® NATIQ/_N/}(L LABORATORY
IEEE o

Proceeding of the 1999

Particle Accelerator Conference

(Editors: A. Luccio, W. MacKay)

Volume 1 of 5
Pages [| — 648

DISTRIBUTION STATEMENTA
Approved for Public Release
Distribution Unlimited

Papers from the eighteenth biennial ! Particle Accelerator Conference, an
international forum on accelerator science and technology held March 27 —
April 2, 1999 in New York City, organized by Brookhaven National
Laboratory. Sponsored by the Institute of Electrical and Electronics
Engineers Nuclear and Plasma Sciences Society and the American Physical
Society Division of Physics of Beams, and with support from the U.S.
Department of Energy, the National Science Foundation, the Office of Naval
Research, and Brookhaven Science Associates (BSA).

e 00029 00

5



Proceedings of the
1999 IEEE Particle Accelerator Conference

Abstracting is permitted with credit to the source. Libraries are permitted to
photocopy, beyond the limits of U.S. Copyright law for private use of
patrons, those articles in this volume that carry a code at the bottom of the
first page, provided the per-copy fee indicated in the code is paid through the
copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923. For
other copying, reprint, or republication permission, write to the IEEE
Copyright Manager, IEEE Service Center, 445 Hoes Lane, P.O. Box 1331,
Piscataway, NJ 08855-1331. All dghﬁs reserved. Copyright ©1999 by the

Institute of Electrical and Electronics E;ngineers, Inc.
|

IEEE Catalog Number: 99CH36366 |
Library of Congress Number: 88- 647453

|
f‘*‘?i‘f ISBN‘ “Sottbouta:  D:7803-5573-3
Lot ol Chsébound 0¥803-5574-1
Bl e iené 0-7803-5575-X
CD-Rom:  0-7803-5576-8

Additional copies of this publication are available from:

IEEE Service Center
445 Hoes Lane
Piscataway, NJ 08854-4150, USA

1-800-678-1EEE (1-800-678-4333)
1-732-981-1393

1-732-981-9667 (FAX)

e-mail: customer.service@ieee.org




FOREWORD

The 18th Particle Accelerator Conference was held at the Marriott Marquis Hotel, New York City, New York,
from March 29 to April 2, 1999, under the joint auspices of the Nuclear and Plasma Sciences Society of the IEEE,
and the Division of Physics of Beams of the APS.

Here is a bit of history of the Particle Accelerator Conference as related by Louis Costrell of the National
Institute of Standards and Technology and a member of the PAC Organizing Committee. In 1963 Bob Livingston of
the Oak Ridge National Laboratory, who was then President of the IEEE Nuclear Science Society (NSS) now the
Nuclear and Plasma Sciences Society (NPSS) called Lou to discuss the feasibility of initiating an IEEE/NSS series
of conferences on Particle Accelerator Engineering. They then proceeded to organize the first such conference that
was held March 10-12, 1965 at the Shoreham Hotel in Washington DC and drew 750 participants. In 1993 the
IEEE/NPSS and American Physical Society, Division of Physics of Beams, signed a Memorandum of
Understanding for joint sponsorship of the Particle Accelerator Conference, beginning with PAC'95. Concerning the
locations: the first three conferences were held in Washington DC, then the conference started rotating between the
East, Central and Western areas. The location statistics up to 1997 are as follows: Washington, 6. San Francisco, 3.
Chicago, 3. Vancouver, 2. Santa Fe, 1. Dallas, 1.

PAC'99 was the first time the meeting has been held in New York, and Brookhaven National Laboratory was
honored to have been chosen as host. The attendance (1338) was as anticipated, up 10% from the 1997 Vancouver
meeting and up 25% from the 1995 Dallas meeting, indicating the continuing vitality of the discipline even in these
fiscally stringent times. The international component is also growing, with 34% of the delegates coming from 29
countries outside North America.

PAC'99 marks the completion of the construction of the BNL Relativistic Heavy Ion Collider (RHIC) which
started its commissioning about the time of the conference. Physicists from around the world will use the
Relativistic Heavy Ion Collider to explore some of Nature's most basic -- and most intriguing -- ingredients and
phenomena.

Scientific Program: The opening plenary session, chaired by Ilan Ben-Zvi of BNL, covered four highlights of
the conference: Commissioning of B-Factories, commissioning results from RHIC, accelerators for cancer therapy
and technology challenges of linear colliders. The first two asymmetric electron-positron B-Factory colliders were
finished in the past year: PEP-II at SLAC in the USA and KEKB at KEK in Japan. These two accelerators use many
novel accelerator advancements to allow high design luminosities, as reported by John Seeman of SLAC. Michael
Harrison of BNL presented the progress on the commissioning and highlights of RHIC. Accelerators for cancer
therapy, an area in which accelerators benefit society in a highly visible way, were presented by James Slater of
Loma Linda University, who observed that designing the clinical accelerator requires a highly orchestrated design
effort involving the entire facility. The last presentation of the Opening Plenary session, on the technology and
challenges of linear colliders, was invited from Bjoern Wiik, the director of DESY. Four weeks before PAC'99, the
world's scientific community learned about the tragic lpss of this internationally acclaimed accelerator scientist, a
compassionate colleague and an outstanding director of DESY. The chair of the session, John Peoples of Fermilab
eulogized Bjoern. Then he introduced Reinhard Brinkmann of DESY, who rose to the challenge of reviewing the
design challenges of a high energy, high luminosity e*e- linear collider in a very short time. Reinhard discussed
various technical options and presented the status of the R&D effort underway at several laboratories.

Commissioning results were reported on the Fermilab main injector. Plans for major upgrades were presented
such as a five-fold luminosity upgrade of HERA. The prggress made in the acceleration of polarized protons to high
energy at the AGS led to plans for polarized beams in 'RHIC and HERA. The Large Hadron Collider (LHC), the
largest machine under construction, incorporates many technological innovations in order to achieve its design
objectives at the lowest cost. Lower costs are also the main challenge for the Very Large Hadron Collider that is
under initial consideration. Light source talks were evenly divided between storage ring results and Free-Electron
Lasers. The storage ring talks included the performance of SPring 8 by Hiromichi Kamitsubo and a look into the
future provided by Albin Wrulich. FEL presentations included the high power lasing results of the TINAF FEL by
Steve Benson and a look towards future x-ray FELs by Li Hua Yu.

Interesting advances were reported in all areas of accelerator technology. Self-bunching electron guns based on
secondary emission have been developed at FM Technologies, Inc., and a pulsed photoinjector operating at GV/m
field was reported by BNL. Very short period undulators were described using either a superconducting magnet
(Karlsruhe) or microwave resonant structures (ANL). Ron Scanlan reported on superconducting accelerator magnet
advances towards fields higher than 10T, including Nb;Al as well as the high temperature superconductors in both
tape and cable conﬁguratlons Vincenzo Palmieri introduced the production of seamless niobium cavities, and many
talks covered various technological aspects of very high current proton accelerators

Accelerators are versatile tools for the production of various beams: protons, electrons, neutrons, x-rays, heavy
ions, muons, neutrinos, and other secondary beams. These beams serve not just basic research in nuclear and high-
energy physics, but also a multitude of applications: cancer therapy, neutron radiography, sterilization, production of
isotopes, medicine, material science, contraband detection and much more. Gary Hogan described the use of protons
for producing radiographic motion pictures of dense, exploding objects, and Jose Alonso talked about the Spallation
Neutron Source (SNS).




The final plenary session offered a look to the future of the major uses of accelerators: William Marciano
described the future of High Energy Physics, and Nathan Isgur that of Nuclear Physics. Wayne Hendrickson
presented the impact of synchrotron radiation on structural biology, and Andrew Taylor the physics potential of MW
class spallation sources.

In all, 1602 abstracts were submitted, for 79 invited and 120 contributed talks, and 1403 posters. In addition, a
very successful 3-day industrial exhibition was held, featuring 40 exhibitors, and over thirty satellite topical and
committee meetings were scheduled.

Social Program and Awards: The social program began on Sunday evening with a reception. The conference
banquet was held in the Marriott Marquis Hotel on Tuesday evening and attended by 669 - a good number even in
view of the culinary and cultural attractions of downtown New York! Following the conference, 187 participants
attended a tour of Brookhaven National Laboratory on Saturday.

Awards were presented at the conference banquet. The APS Robert R. Wilson Prize was awarded to Robert
Palmer, (BNL) for his many diverse contributions and innovations in particle accelerator and detector technologies.

Of the IEEE/PAC Technology Awards, the first went to Ilan Ben-Zvi (BNL) for contributions to high-
brightness electron beams and superconducting rf and for leadership of BNL's Accelerator Test Facility. The second
award went jointly to William Foster and Gerald Jackson, (FNAL) for the development of the first large-scale
application of permanent magnet technology.

The US Particle Accelerator School Prizes were given to Robert Gluckstern, (UMD) for contributions to the
understanding of fundamental processes in high-intensity beams and to Bruce Carlsten, (LANL) for the concept of
emittance compensation.

The APS Award for Outstanding Doctoral Thesis Research went to Zhirong Huang (Stanford U) for his analysis
of radiation damping and quantum excitation in novel accelerator configurations.

A large number of companions registered, about 310, owing no doubt to the attractions of New York City.
Many companions and participants enjoyed the tours, theaters, shows and museum visits assisted by a week of good
weather.

Proceedings: As at PAC'95 and PAC'97, electronic publication was the norm. The abstracts were collected on
the web site together with author information that went to the conference database. Authors enjoyed the ability to
edit the submitted abstracts and apply corrections (that somehow are always needed). The papers were sent by
electronic means with few exceptions. Completed papers were placed on the PAC'99 web site as soon as they were
processed, with the majority of the papers being on the web by the end of the conference. The proceedings are being
published by IEEE in both book and CD-ROM form, and are also available on a combined PAC/EPAC/APAC Web
site (http://www.cern.ch/accelconf/). The number of CD-ROM:s ordered was double that of books. Publication has
been supported by generous grants from the US Department of Energy, National Science Foundation and Office of
Naval Research.

Acknowledgements: Space is unfortunately too short|to thank individually all those people whose dedicated
efforts, often over a period of many months, were responsible for the success of the conference - especially the
members of the Organizing Committee, Program Committee, Local Organizing Committee, and BNL staff.
Exceptions must be made however for Mary Campbell, the Conference Secretary whose hand was everywhere, John
Smith, the computer and electronic data group leader who made it all possible, Pauline Pearson who must have
exchanged e-mails and solved problems of every single 'author, and Chris Ronick, the Hotel Coordinator who
managed this enormous event calmly and confidently.

Bill Weng Ilan Ben-Zvi
Conference Chairman " Program Chairman
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COMMISSIONING RESULTS OF THE
KEKB AND PEP-II B-FACTORIES’

J. T. Seeman® , MS 18, SLAC, Stanford, CA 94309

KEKB Abstract

KEKB [1-6] is a two ring asymmetric electron-positron
collider at 3.5 x 8 GeV being built in the TRISTAN tunnel
at the Japan National Laboratory for High Energy Physics
KEK in Tsukuba. The five year KEKB construction
project was approved by the Japanese government in April
1994. The parameters are listed in Section 1 and the
overall layout of KEKB shown in Fig. 1. The two beams
will collide in the Tsukuba experimental hall where the
BELLE detector will be located. The salient features of
KEKB are side-by-side rings, +/- 11 mrad crossing angles
at the collision point with non-radiating straight incoming
beams, new RF cavities: copper cavities with high stored
energy (ARES) and superconducting cavities both
designed to reduce the strength of the bunch-by-bunch
feedback systems, many bunches (5000), high stored
beam currents (2.6 A x 1.1 A), superconducting IR
quadrupoles, novel 2.5x lattice design for flexibility, and
an upgraded linac for full energy injection of both beams
with new transport lines.

- Beam commissioning started for the KEKB High
Energy Ring HER in December 1998 and January 1999
for the Low Energy Ring LER. The present peak current
in the LER is 380 mA and the HER 420 mA. A luminosity
of 1.2x10**31/cm**2/s was achieved in March 1999 with
200 bunches with 13 mA x 65 mA.
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Figure 1: KEKB B-Factory Overview
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PEP-II Abstract

PEP-II [7-12] is a two ring asymmetric electron-positron
collider at 3.1 x 9.0 GeV being built in the PEP tunnel at
the Stanford Linear Accelerator Center SLAC. The five
year PEP-II construction project was approved by the
Department of Energy of the United States government in
January 1994. A collaboration of SLAC, Lawrence
Berkeley National Laboratory LBNL, and Lawrence
Livermore National Laboratory LLNL designed and
constructed PEP-II. The parameters are listed in Section 3
and the overall layout of PEP-II is shown in Fig. 2. The
beams will collide in the IR2 hall of the PEP tunnel where
the BABAR detector will be located. The salient features
of PEP-1I are LER-above-the-HER, head-on collisions but
with dipoles bends near the collision point, new copper RF
cavities, strong bunch-by-bunch feedback systems, many
bunches (1658), high stored charges (2.1 A x 0.75 A),
permanent magnet IR quadrupoles and dipoles, and use of
the existing SLAC linac as an injector but with new
transport lines.

PEP-II HER commissioning started in June 1997 and
LER commissioning in July 1998. The present maximum
current in the HER is 750 mA in 1658 bunches which is
the design value. The LER has stored 1171 mA, which is
believed to be a world record for a positron ring. A
luminosity of 5.2x10%*32/cm**2/s was achieved in
February 1999 with 786 bunches with 354 mA x 680 mA
(HER x LER). Bunch trains of 1, 11, 291, 522, 786, 1048,
and 1571 have been collided. An average luminosity of
2x10**32/cm**2/s was maintained over 72 hours.

HER RF
Collimators

LER Tune
Wiggler
HER Injection 4

LER Tune

RF, Feedback
HER Feadback,
Decoupling

HER Tune, DCCT, BCM, Decoupling
LER Wiggler, DCCT, BCM

Figure 2: PEP-II B-Factory Overview
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1 KEKB DESIGN PARAMETERS

Parameter LER HER
Beam energy (GeV) 35 8.0
CM energy (GeV) 10.58

Particle type e+ e-
Circumference (m) 3016.3
Crossing angle (mrad) +/- 11.0
Luminosity 1034 cm2sec-!
Beam-beam tune shift (y) 0.052
Beam-beam tune shift (x) 0.039

By*/Bx* (cm/cm) 1./33. 1./33.
Optimum coupling (%) 2.0 2.0
Emittance (nm-rad) (y/x) 0.36/25. 0.36/25.
IP rms beam (sylcsx (mm) 1.9/90. 1.9/90.
Number of bunches 5000 5000
Particles per bunch 3.3x 1010 1.4x 1010
Bunch spacing (m) 0.59 0.59
Bunch length (mm) 40 4.0
Damping times (ms) (x/z) 23 23
AE/turn (MeV) 1.5 35
Radiation power (MW) 4.0 38
HOM power (MW) 0.57 0.14
Total beam power (MW) 4.5 40
Total current (A) 2.6 1.1

RF frequency (MHz) 508.9 508.9
Harmonic number 5120 5120
Ion clearing gap (buckets) --- 120
RF voltage (MV) 8 20
Rel. energy spread 103 0.7 0.67
Synchrotron tune 0.012 0.011

Betatron tune (Vx/vy) 45.71/44.49 44.51/42.29 -
Linac injection rate (Hz) 50 50

Full injection time (min) 13-14 3
Detector solenoid field (T) 1.5

2 KEKB MILESTONES

Date Milestone or Commissioning

3 PEP-II DESIGN PARAMETERS

Parameter LER HER
Beam energy (GeV) 3.1 9.0
CM energy (GeV) 10.58

Particle type e+ e-
Circumference (m) 2199.318
Crossing angle (mrad) 0.0
Luminosity 3 x 1033 cm2sec!
Beam-beam tune shift (y) 0.03
Beam-beam tune shift (x) 0.03

By*/Bx* (cm/cm) 1.5/50. 1.5/50.
Optimum coupling (%) 3.0 3.0
Emittance (nm-rad) (y/x) 1.5/49. 1.5/49.
IP rms beam cxylcsX (mm) 4.7/157. 4.7/157.
Number of bunches 1658 1658
Particles per bunch 6.0x 1010 2.8x 1010
Bunch spacing (m) 1.26 1.26
Bunch length (mm) 10.0 11.0
Damping times (ms) (x/z) 62.5/30 37./18.3
AE/turn (MeV) 0.75 3.6
Radiation power (MW)  1.62 3.58
HOM power (MW) 0.23 0.15
Total beam power (MW) 1.85 373
Total current (A) 2.16 0.75
RF frequency (MHz) 476. 476.
Harmonic number 3492 3492
Ion clearing gap (buckets) --- 176
RF voltage (MV) 5.1 14.0
Gap voltage/cavity (MV) 0.85 0.7
Rel. energy spread 103y 0.77 0.61
Synchrotron tune 0.0334 0.0449
Betatron tune (vx/vy) 38.57/36.64 24.62/23.64
Linac injection rate (Hz) 60 120
Detector solenoid field (T) 1.5

4 PEP-II MILESTONES

1994 April

Start of KEKB construction

1995 December Start removing TRISTAN
1995 July Bids out for LER construction
1996 May Bids out for HER construction

1996 July-Nov.
1996 December

Beam tests in Accum. Ring
Start bypass tunnel constr.

1997 February Start magnet installation

1997 October  Complete new bypass tunnel

1998 May Commission fully upgraded
linac and transport lines

1998 Nov.30 KEKB installation complete

1998 Dec. 13  HER beam first stored

1999 Jan. 14 LER beam first stored

1999 Jan. 26 First beam-beam collisions

1999 March 26

1999 May
2000

Luminosity of 1.2x10%*31]
BELLE detector to be installed
Nine month run planned

Date Milestone or Commissioning
1994 January  Start of PEP-II Construction

1995 October e- injection transport studies
1997 April HER injection studies

1997 June HER installation complete
1997 June 16  HER beam first stored

1997 June e+ injection transport studies
1998 January  LER injection (part turn)
1998 July 10  LER construction complete
1998 July 16  LER beam first stored

1998 July 23 First collisions

1998 Dec. 8 8 x10**31 luminosity

1998 Feb. 8 5.2 x 10**32 luminosity
1999 May BABAR detector to be installed
2000 Ten month run planned
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5 KEKB COMMISSIONING RESULTS

(as of 3/30/1999) LER HER
Beam energy (GeV) 35 8.0
Maximum total current (mA) 380 420
Single bunch current (mA) 23 4.0
Number of bunches 1024 640
By* (cm) 1.0 1.0
Bx* (cm) 100 100
Bunch length (mm) 6.4 5.6
Injection rate (Hz) 50 25
RF voltage 4.0 9.0
Number of ARES RF cavities 12 6
Number of SC cavities 0 4
VX 4557 44.26
vy 4462 4221
Max. injection efficiency (%) 70 80-100
Injection charge (nC) 0.18 1.0
Beam lifetime in collision (min) 40 200
Bunches collided (max) 200 x 200
Cotlided currents (mA) 65 13
Maximum luminosity (1/cm’/s) 1.2 x 10**31
IP beam sizes (microns) (x,y) 197/5.6
Integrated current (A-hr) 28 20

6 PEP-I1 COMMISSIONING RESULTS

(as of 3/30/1999) LER HER
Beam energy (GeV) 3.1 9.0
Maximum total current (mA) 1171 750
Single bunch current (mA) 7.0 12.0
Number of bunches 1658 1658
By* (cm) 1.4 1.3
Bx* (cm) 50 50
Bunch length (mm) - 12.
Injection rate (Hz) 10 10
RF voltage (max) (MV) 32 14
Number of cavities 4 20
VX 38.63 24.58
vy 36.59 23.62
Bunch ion gap (%) 10 10
Max. injection efficiency (%) 90-100 95-100 -
Injection charge (max) (nC) 3 3

Injection rate at 10Hz (mA/sec) 2.1 2.2
Beam lifetime at 300 mA (min) 150 420

Bunches collided (max) 1571 x 1571
Collided currents (max) (mA) 1007 354
Luminosity (max) (1/cm2/s) 5.2x10”

Current at max luminosity (mA) 680 354
IP beam sizes (microns) (X,y) 160/6.1
Integrated current (A-hr) 153 115

7 KEKB COMMISSIONING ISSUES

The magnetic lattices for KEKB have noninterleaved 2.57
phase advance cells with local chromaticity correction
near the interaction point. The measured lattice functions

are close to the design and the IP vertical beta functions
are 1.0 cm which is a world record level for an e+e-
collider.

The KEKB LER uses ARES cavities. The ARES
system has a HOM-damped copper accelerating cavity
coupled to a high-Q energy storage cavity via a coupling
cavity. The HER will use a combination of ARES and
superconducting (SC) cavities. The SC cavities are single
cells with room temperature beam line ferrite HOM
absorbers. The KEKB RF systems worked well during
commissioning. The measured synchrotron frequencies
are correct. The superconducting cavities have had very
few trips over the first few months. No longitudinal
instabilities have been seen even without feedback.

The vacuum chambers for both rings of KEKB are
extruded copper with Helicoflex seals. The HER
chambers are racetrack shaped and have distributed NEG
pumping. The LER chambers are circular to reduce the
resistive wall instability and have NEG cartridges every
meter. During commissioning the vacuum systems started
with somewhat higher pressures than expected but with
beam scrubbing the gas desorption rate and resulting
pressures have quickly approached values expected at this
commissioning phase. See Fig. 3.

The existing KEK linac has been upgraded to inject at
full energy into KEKB. The upgrade involved adding
more linac accelerating sections, newly designed SLED
energy doublers, higher power klystrons, improved
diagnostics, new positron target, and a new gun. The
positron production per pulse has increased a factor of
twenty. New transport lines were also built. Long term
beam stability issues are under study for the injection
complex.

Transversely, the beams are stable with bunch-by-
bunch feedback. Without feedback, an instability starts in
the LER at about 100 mA for bunch spacings less that 8ns.
The cause is under study. Instability in the HER appears
as centroid motion at the end of a long bunch train at
currents of about 190 mA. In both rings growth times
approach a few milliseconds at high currents.

In KEKB the LER and HER beams are brought into
collision horizontally with +/- 11 mrad crossing angles.
The first quadrupoles QCS which are superconducting
including skew quadrupole and x-y dipole windings have
been fully tested. Farther away, several special iron
septum quadrupoles are needed in both rings to complete
the IP doublet optics and to allow the two beams to
separate. The compensation-of the detector solenoid done
by a pair of reverse solenoids near the collision point and
with small trim skew quadrupoles in the interaction region
has also been tested.

KEKB has had about four days of colliding beam
experiments. The beams were first steered into collision
using position monitors. Then, beam-beam scans are used
to center the beams and measure their sizes. The scans
were done magnetically in the vertical plane and
longitudinally with the LER RF phase for horizontal
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scans. See Fig. 4. Most studies have been with single
bunches but 200 bunches have been collided. The vertical
and horizontal beam sizes are near the design values. A
slow orbit drift of unknown origin affects IR steering.

Backgrounds near the IP have been measured by the
BEAST detector. The backgrounds are high at this early
phase but collimator and beam steering are starting to
reduce the levels.
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Figure 3: KEKB vacuum pressure and desorption versus
beam dose. Scrubbing is following expectations (- - - -).

Figure 4: KEKB horizontal beam-beam deflection scan.

8 PEP-II COMMISSIONING ISSUES

The PEP-II magnetic lattices for the HER and the LER are
significantly different. The HER has a 60 degree per cell
lattice in the arcs with standard interleaved sextupole
chromaticity correction. The chromaticity correction in
the HER interaction region is made using "beta-beats"
(high single plane betas at the sextupoles) in the nearby
arcs. The LER has a 90 degrees per cell lattice in the arcs
with a noninterleaved sextupole correction scheme. In the
LER interaction region the chromaticity correction is
semi-local with the y correction done in the IR and the x
correction made in the nearby arcs. Both HER and LER

lattices as measured are within a few percent of the
design. The IP betas are correct horizontally and about
10% low vertically which helps the beam-beam effect.

The PEP-II RF system uses single cell copper cavities
with three HOM absorbers. The HER has four cavities per
klystron and the LER two. The cavities are E-beam
welded with staged machining and tuning steps. The high
power RF windows are ceramic with a stainless steel
compression ring and are coated with TiN. The low level
RF control system includes feedback loops, comb filters,
fast interlocks, network analysis, beam aborts, phase
control, high voltage and drive control, and EPICs overall
control. Both the HER and LER RF systems are fully
functional with nearly full gradient. There are only a few
trips per day for the full system. The RF feedback systems
are well tuned, reliable, and useful diagnostics.

In PEP-II the HER arc vacuum chambers are extruded
copper, the LER arc chambers are aluminum with
antechambers, and the straight sections have water cooled
cylindrical stainless steel pipes. The HER vacuum
chambers are made to absorb over 100 W/cm of
synchrotron radiation and pumped using distributed ion
pumps. The synchrotron radiation in the LER is absorbed
in Glidcop (grooved) photon stops located in the pumping
chamber antechamber. The beam results show that the
HER pressure rise with current is within a factor of two of
the desired value and should scrub quickly. The LER
vacuum pressure is decreasing more slowly than desired
and is now at 10 nT/A. An investigation is underway to
determine if the TiN coating, small leaks, or the
antechamber outgassing contributes. More vacuum
pumping is being installed and the small leaks are being
fixed. At above 600 mA in the LER there is evidence for
electron multipacting which depends on the bunch current
and the number of bunches resulting in pressure increases.

The existing 50 GeV SLAC linac as modified for the
SLC with damping rings is used for PEP-II injection.
Intensities per pulse can range up to 4 x 1010, The
injection systems are working well often with 100%
injection efficiency. The e+ beam has a modest transverse
mismatch which is under study.

All beams are stable with bunch-by-bunch feedbacks.
Without feedback the LER is stable longitudinally to
about 330 mA and the HER to about 500 mA, agreeing
with predictions. Transversely, the LER instability
threshold is at least 100 mA, again near the prediction.
However, the HER transverse threshold is about 10 to 20
mA which is much lower that predicted. The data do not
point to ions nor resonances cleanly although there is
some agreement with each. Without transverse feedback
very short trains in either ring are unstable at low currents
with the tail of the train oscillating. In the HER, different
mode numbers occur at different bunch currents.

In PEP-II the LER and HER beams are collided head-
on requiring horizontal separation near the interaction
point using strong dipoles. These first dipoles and

quadrupoles are permanent magnets with 104 field
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tolerances and off-axis beams. The next several magnets
are special iron septum quadrupoles to complete the
doublet focusing. The compensation of the BABAR
solenoid is done with six strong skew quadrupoles on each
side of the interaction region per ring.

PEP-II has had collisions 20 days so far with several
different bunch trains. Position monitors 72 cm from the
IP are very useful in bringing the beams into collision.
The bunch timing is measured to a few ps and held
constant with RF phase feedback. Beam-beam scans are
done magnetically in both planes. A vertical scan is shown
in Fig. 5. Raising the HER bunch charge above 0.4 mA
reduces the LER bunch lifetime. Raising the LER bunch
charge even to 3 mA has not yet hurt the HER bunch
lifetime but does reduce its own lifetime. The optimum
ratio of bunch charges is near 0.35 mA HER to about 1.3
mA LER which is about the design. No significant
parasitic collision effects have been seen. The multi-bunch
luminosity scales correctly from single bunch luminosity.
The luminosity measured over several days is shown in
Fig. 6 and the luminosity versus current product in Fig. 7.
The specific luminosity is about 60% of the design. The
best luminosity has been achieved with 786 bunches,
spaced every four RF buckets. The achieved beam-beam
tune shifts are about 0.032 horizontally and 0.013-0.017
vertically, with the horizontal e+ as the only operational
limit so far. There is an IP orbit drift associated with air
temperature and the HER beam current.

The backgrounds at the IP for the HER now match the
new simulations but are a factor of 5 to 7 larger than the
original design. The backgrounds for the LER are 10 to 20
times the design. Twelve collimators are being installed.
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THE COMMISSIONING STATUS OF RHIC’

M. Harrison*, BNL, Upton, NY

Abstract

The construction and commissioning status of the
Relativistic Heavy Ion Collider, RHIC, is discussed.
Those novel features of a heavy ion Collider that are
distinct from conventional hadron Colliders in general are
noted. These features are derived from the experimental
requirements of operation with a variety of ion species
over a wide energy range including collisions between
ions of unequal energies. The paper notes other
challenging issues for the Collider including intrabeam
scattering, interaction-region error compensation, magnet
alignments, and matched transition-energy jump. The
project is in the final few months of a seven-year
construction cycle and is entering the commissioning
phase. A review of the superconducting magnet program
is given together with the status of the machine
construction and commissioning.

1 INTRODUCTION

The primary motivation for colliding heavy ions at ultra-
relativistic energies is the belief that it is possible to create
macroscopic volumes of nuclear matter at such extreme
conditions of temperature and energy density that a phase
transition will occur from hadronic matter to a confined
plasma of quarks and gluons. The main goal of the
Relativistic Heavy Ion Collider (RHIC is to provide head-
on collisions at energies up to 100 GeV/u per beam for
very heavy ions, which are defined to be gold "’Au’", but
the program also calls for lighter ions all the way down to
protons and polarized protons. Luminosity requirements
for the heaviest ions are specified to be in the 10*?7 cm™
s range. The higher Au-Au total cross section results in
interaction rates comparable to p-p Colliders although this
luminosity is several orders of magnitude lower than
those machines. A short interaction point (IP) length (<20
cm rms.) is desirable for optimum detector design. The
final, though most influential, experiment requirement has
been the need for collisions of different ion species (most
notably p-Au) at the same center of mass energies per
nucleon. This necessitates accommodating mass-to-
charge ratios (A/Z) in the range of 1 (p) to 2.5 (Au).
Stabilizing the collision point involves equalizing the
rotation frequencies of the two beams, which also requires
the two rings to operate at different magnetic fields. The
complications in the interaction region (IR) where the
beams must pass through common magnets dictate a

" Work performed under the auspices of the U.S. Department of Energy.
* harrison@bnl.gov

0-7803-5573-3/99/$10.00@1999 IEEE.

lattice design different from conventional hadron
Colliders.

Based on these general requirements, the detailed RHIC
machine parameters were derived and are outlined in
Table 1. Operation of the RHIC Collider at relatively low
energies together with the enhanced intrabeam scattering
(IBS), which scales as Z*/A2?, results in beams of large
transverse and longitudinal dimensions. This in turn has
ramifications for the lattice (short cells, strong focusing)
and magnet aperture. This consideration and the short IP
length also determine the rf system requirements.
Colliders, unlike fixed target machines, are designed to
operate for extended periods at high energies. The
economics of power consumption argue strongly for
superconducting magnets. RHIC is such a
superconducting machine.

Table 1: Major Parameters for the Collider

Kinetic Energy, Inj.-Top, Au | 10.8-100 GeV/u
(each beam), protons | 28.3-250 GeV
No. of bunches/ring 60
Circumference 3833.845 m
Number of crossing points 6
B, injection, H/V 10 m
B, low-beta insertion, H/V 1 m
Betatron tunes, H/'V 28.18/29.18
Magnetic rigidity, injection 97.5 T-m
top energy 839.5 T-m
Number of dipoles 396
(192/ring + 12 common)
Number of quadrupoles 492
(276 arc + 216 insertion)
Dipole field at 100 GeV/u,Au | 3.45 T
Arc dipole effective length 9.45 m
Arc quadrupole gradient 71.2 T-m

2 MACHINE DESIGN AND LAYOUT

The complete RHIC facility is a complex set of
accelerators interconnected by beam transfer lines. The
collider, shown schematically in Fig. 1, is located in the
existing 3.8 km tunnel north of the AGS.
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Figure 1: The RHIC Complex

It is comprised of two identical, quasi-circular rings
separated horizontally by 90 cm, and oriented to intersect
with one another at six locations. Having a 3-fold
symmetry, each ring consists of three inner and three
outer arcs and six insertion regions joining them. Each
arc consists of 11 FODO cells, with each half-cell
consisting of a single dipole and a spool-piece assembly
containing a quadrupole, sextupole, and concentric
correction elements. Fig. 2. shows the Collider layout
together with the standard cell schematic.
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Figure 2: Collider layout and standard cell

The nominal design magnetic rigidity of the dipoles is
840 T-m which corresponds to a design field of 3.45 T at
100 GeV/u. Injection takes place at 97.5 T-m. The half-
cell length of 15 m has beta-functions in the range from
10.5 m to 50 m, and a dispersion from 0.8 m to 1.8 m.
These relatively small values are dictated by the need to
minimize the physical size of a beam (i.e. maximize
dynamic aperture and thus intensity lifetime) with
relatively large emittances (40nmm-mr normalized 95%
transverse, 1.2 eV-s/u longitudinal). The dipole coil inner
diameter (i.d.) of 8 cm is determined both by the beam
size at injection and by the projected emittance growth
which occurs during a store at the lowest collision energy
of 30 GeV/u. The quadrupoles, also having a coil i.d. of 8
cm, operate at a maximum gradient of 72 T/m. A cross-
section of a dipole of length 9.45 m is shown in Fig 3.
The magnets are conceptually similar to the HERA
dipoles with a “cold-iron” design and cryogenic transfer
lines located in the cryostat.
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Figure 3: RHIC dipole cross section

Collisions of the beams take place at the crossing point of
the insertions. These regions contain the optics necessary
for producing small betatron amplitude functions B, a
zero dispersion at the crossing point, and the magnet
steering to bring the beams into head-on collisions. The
“non-arc” regions also contain the only warm regions of
the machine where the machine utilities reside such as
injection, beam abort, rf station, collimators, and
specialized instrumentation. Locations available for these
devices are the 30 m section between Q3 and Q4, the
missing dipole between Q7 and Q8, and the section
adjacent to the short D9 dipole. The magnetic elements in
the region from Q10 to Q4 are identical in cross-section
but different in length to those in the standard cell. The
final focus triplet (Q1, Q2, and Q3), and bending magnets
(DO and DX) are non-standard magnets with apertures of
13 ¢cm, 10 cm, and 18 cm, respectively. The focusing is
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relaxed at injection with a B’value of 10 m. During
collisions at top energy, a B* of 1 m can be attained
resulting a maximum f of about 1400 m in the triplet
quadrupoles. The maximum focusing strength of 48 T/m
is determined by both the physical beam size in the triplet
and the strength of the trim quadrupoles at Q4, Q5, and
Q6. The lattice functions in the IR's are shown in Fig. 4.
Each insertion is independently adjustable and can be
matched over a machine tune range of 1 unit. The phase
advance across the insertion is almost constant during the
squeeze, as is the triplet excitation.
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Figure 4: Lattice functions in the interaction regions

3 DESIGN FEATURES

3.1 Unequal Energies

Probing the dynamics of a quark-gluon plasma benefits
greatly by the ability to varying the initial conditions
which in the context of RHIC means collisions between
unequal particle species and energies in addition to
merely varying species and collision energy. This
requirement precluded a common final focus and the

RHIC beams are separated before the final focus. The:

quadrupole triplet is thus moved further away from the
interaction point impacting the aperture requirements.
The closest magnet to the interaction point is a large
aperture (18cm) dipole operating at 4T. Particle
trajectories vary considerably in this magnet.

3.2 Intrabeam Scattering (IBS)

Emittance growth caused by intrabeam scattering [1] is of
concern during both injection and storage of the heavy ion
beams. At injection, the IBS longitudinal growth time is
only 3 minutes. Injection needs to be accomplished in
60s to avoid difficulty in transition crossing and if

rebucketting due to increased longitudinal beam size. At
storage, emittance growth occurs in both transverse and
longitudinal planes with transverse emittances growing
from the initial 10r mm-mr to more than 40x mm-mr
during the first several hours of a store. Longitudinal
bunch area exceeds the bucket area of 1.2 eV-s/u in about
an hour. Collimation systems are designed to intercept
particles escaped from the rf buckets. Increasing peak rf
voltage only modestly improves the luminosity
performance, since transverse growth is so significant.
The ultimate improvement can be made if cooling
methods are adopted. Maximizing machine performance
with large emittance beams required an unusually short
cell length to minimize the physical beam size in the arcs.

3.3 IR Error Compensation

In order to maximize the instantaneous luminosity the
final focus triplets are designed to enable the collision B*
to be reduced to 1m. Dipoles and triplets of quadrupoles
of large bore are placed on both sides of the IP. The B,
of 1400m, along with the strong IBS growth, results in the
56 beam size increasing from 35% to about 70% of the
triplet magnet coil radius. In order to optimize the field
quality in these elements, sophisticated compensation
techniques have been developed [2] including individual
error correction with tuning shims, amplitude dependent
body-ends compensation, low B magnet sorting, and
lumped triplet multi-layer corrector packages.

3.4 Transition Crossing

RHIC will be the first superconducting accelerator to
cross transition energy. Due to the slow ramping rate of
the superconducting magnets, both chromatic nonlinear
effects and beam self-field effects are strong at crossing.
In addition the superconducting machine environment
makes operation vulnerable to magnet quenching arising
from beam losses should they occur. A “matched first
order” transition jump scheme has been implemented [3]
to effectively increase the crossing rate by a factor of 8
during the 60 ms time around transition. With such a
scheme the longitudinal emittance growth can be limited
to less than 20% at transition while keeping the beam spot
size constant to avoid particle losses.

4 SUPERCONDUCTING MAGNET
PROGRAM

The Superconducting magnet program for the Project is
now complete with the last magnet delivered to the ring in
November 1998. The ring magnets naturally fall into two
types; the 8cm elements which are used throughout the
arc regions and constitute the majority of the magnets,
and the smaller number of variable aperture magnets used
in the immediate vicinity of the IP. A list of the various
magnet types is given in Table 2.
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Table 2: RHIC Superconducting Magnet Inventory

8 cm dipoles 360
8 cm quadrupoles 420
IR trim quadrupoles 72

sextupoles 288
8 cm multilayer correctors 420

13 cm IR final focus quadrupoles 72

13 cm IR correctors 72
10 cm IR dipoles 24
18 cm IR dipoles 12

The 8cm dipoles, quadrupoles, and sextupoles were all
produced industrially. The low-current correctors, final-
focus triplet quadrupoles and beam splitting dipoles were
produced internally by BNL. BNL also performed the
integration of the quadrupoles, sextupoles, and correctors
into a single cryogenic module. The dipole magnets,
produced by the Northrop-Grumman Corporation in a
build-to-print contract, were complete cryogenic elements
suitable for immediate installation.

The crucial aspects of superconducting accelerator

magnets are field quality and quench threshold [4]. Since
it was decided that cold testing of each magnet was not
realistic, field quality was measured at room temperature.
It therefore became important to establish a good
correlation between warm and cold magnetic field
measurements at the 10°level. An analysis of the
complete data set demonstrated that after compensating
for yoke saturation effects, good warm/cold field
correlations could be obtained at this accuracy. Figure 5
shows a plot of the fractional field deviation on the mid-
plane as a function of position.
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Figure 5: Arc dipole field variation at injection

The magnet set demonstrates excellent field quality with
very small random multipole field components by virtue
of tight mechanical tolerances on the cable dimensions
{5]. The systematic component of the field harmonics is
optimized for low-field performance at injection with

yoke saturation apparent in the allowed harmonics at high
field. During collisions the dynamic aperture is
determined by the triplet quadrupoles. The quench
performance of the 8 cm dipole magnets is shown in Fig.
6 with the minimum and plateau quench currents for a set
of 60 magnets.
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Figure 6: Arc dipole quench performance

Since only 20% of the magnets are measured cold, it is
important to demonstrate sufficient operating margin to
make limited testing viable. None of the magnets tested
to date have had an initial quench current less than the
nominal operating level. The plateau quench level
demonstrates a healthy 30% operating margin. For the IR
magnets however the situation was not so pristine. The
large aperture dipole magnets did indeed have an initial
quench threshold below the nominal operating point of
6KA. The plateau level on these elements has only a
~10% operating margin and did show some loss of
training on a thermal cycle. The data on these magnets is
shown in Fig 7.
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Figure 7: Beam separation dipoles quench performance

5 COMMISSIONING STATUS

The final magnet was delivered to the ring in November
1998. At this point mechanical installation was
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completed in the arc regions and activities were confined
to the beam separation and final focus regions.
Installation of the interaction regions was completed two
months after the last magnet delivery. Each magnet
interconnect requires 20 welded connections and while a
local vacuum leak check was performed as part of the
installation the necessary leak check sensitivity to ensure
an acceptable vacuum at cryogenic temperatures can only
be performed when the cryostat is closed up and an
insulating vacuum can be established in the cryostat.
Leak checking of the system at both low and high
pressures in all five cryogenic circuits together with the
associated repair took over 10 weeks to complete. With
in excess of 25,000 welded joints in the installation
process we were pleased to find that we experienced a
relatively small number (~25) of helium leaks from the
internal piping to the insulating vacuum. Locating and
repairing these leaks proved to be relatively slow going
since access had to be made through the external cryostat
before the repair could be made. In addition, the final
focus assembly is mechanically quite complex and
precisely locating very small leaks proved difficult on
occasion. Another factor that proved to be significant was
large leaks masking smaller ones. The machine vacuum
was finally certified 'ready-to-go' by the end of March 99
after a few false starts. The main refrigerator was then
brought on-line and a purification of the helium circuits
was done with a pump/purge cycle. At the time of this
conference the cooldown process is just starting. The
schedule calls for the rings to be cooled to SOK (the shield
temperature) for some helium spill tests and then
cryogenic temperatures by the end of April. The first
beam tests are scheduled for the end of May after the
power supply and quench protection systems are
commissioned. We then plan for beam commissioning to
continue for two months until the end of July. We goal
for this initial operation is to demonstrate collisions of
gold ions. The machine will then have a three month
summer shutdown when detector equipment will be
installed and the first full running period of 37 weeks will
start in November 1999. The goals for this run are 10%
of design luminosity and 50% up time.
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Abstract

The design requirements for current heavy-particle
accelerators operated within a hospital to deliver radiation
therapy must satisfy both clinical and research needs.
Advances in dedicated beam delivery systems for clinical
utilization and biological studies add requirements that
previous accelerators did not have. Eight years experience
using the Loma Linda University proton facility has
emphasized that the most important requirements are
safety, reliability, beam stability, low energy
consumption, and efficiency of beam delivery to the
treatment rooms. In the future, raster scanning techniques
will add further demands on the control of beam energy,
intensity, and position stability. Rapid and precise
flexibility in changing beam parameters is essential for
satisfying clinical needs; electronic rather than mechanical
control is clearly preferable for clinical use. Biological
research increases the need to expand the margins of some
clinical requirements, such as beam size, intensity, and
energy ranges. Both clinical and research activities require
a totally integrated control system, beginning with the ion
source and continuing through the accelerator and
switchyard to multiple rooms and each beam delivery
system therein.  Accordingly, designing the clinical
accelerator requires a highly orchestrated design effort,
involving the entire facility. Detailed design requirements
addressing these issues will be presented.

1 INTRODUCTION

More than forty years have passed since protons were first
used in treating localized tumors in humans. In the
meantime, twenty facilities worldwide have treated more
than 23,000 patients with proton beams.! Until 1990, all
of these facilities used previously existing accelerators,
which were designed for physics research and later
modified for medical use. From 1987 to 1990, the first
medical proton accelerator was designed and built for the
Loma Linda University Proton Accelerator Facility?
(LLUPAF) in Loma Linda, CA. This project was a
cooperative effort between Loma Linda University, Fermi
National Accelerator Laboratory (Fermilab), and Science
Applications International Corporation (SAIC). Since
1990, over four thousand patients have been treated with
protons at LLUPAF. To date, four more hospital-based
facilities are under construction: one in Boston, MA and
three in Japan. In addition, many new facilities are in the
planning stages in the US, Europe, and Japan.

0-7803-5573-3/99/$10.00@1999 IEEE.

The advantages of a hospital-based facility over a
laboratory-based facility are great. In a hospital, health
care professionals can work as a team more efficiently and
more effectively in planning, preparing and executing high
precision radiotherapy treatments for each patient. In
addition, the expensive ancillary equipment (such as CT)
and hospital staff are already in place for patient
preparation and treatment. Beam time can be dedicated for
medical use, which is not the case at physics research
laboratories. Finally, anesthetized and other non-
ambulatory patients can be treated only in a hospital
setting. In many of the new facilities, basic research in
radiation biology will also need to be included in the
facility requirements as well. In this paper, we examine
the primary requirements that any new proton or light ion
accelerator will face in a hospital or clinical setting.

2 PROTON DOSIMETRY

The primary advantage of protons over therapeutic x-rays
is shown in dose vs. penetration data (Fig.1). One sees
that protons give a higher dose at deeper sites and a lower
dose near the entrance to the body, where healthy tissue is
likely to be. Unlike x-rays, protons have no “exit dose,”
which spares healthy tissue beyond the Bragg peak.

Depth in Tissue (cm)
Dose vs. depth for therapeutic proton, x-ray, and electron
beams. The mono-energetic Bragg peak is the narrow one on the right.
The spread-out Bragg peak (SOBP) is generated from mono-energetic
peaks as shown in Fig. 2. The maximum depth of beam penetration and
width of the SOBP can be controlled by the beam energy.

Fig. 1:

The energy of the proton beam can be so adjusted from the
accelerator that protons penetrate to the correct depth for
each tumor. By adding Bragg peaks of successively lower
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energies and intensities (Fig. 2) a SOBP can be generated
which has uniform dose over the entire depth of the
tumor. The energy accuracy for each Bragg peak is quite
precise and dictates the energy accuracy requirement for the
accelerator, as is discussed later. The ability to achieve
dose uniformity in depth as well as transverse to the beam
direction within the tumor volume is a primary
requirement in all radiotherapy treatments.
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Fig.2: A spread-out Bragg peak (SOBP) generated from the addition of
mono-energetic Bragg peaks. The dose uniformity in the SOBP
between 4 cm and 12 c¢m is less than +/-2% with no energy or intensity
€rTors.
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3 ACCELERATOR SYSTEM
REQUIREMENTS

The primary function of any proton therapy accelerator is
to provide treatment rooms with a specified energy and
intensity (or dose rate) throughout each treatment. In
addition, accelerator or beam transport magnets must be
capable of terminating beam to within 1% of the
prescribed dose for each treatment. The emittance from the
accelerator should be as small as possible, to allow use of
smaller magnet apertures and smaller magnets in the beam
transport lines and rotating gantries. Typical emittance
values for several classes of accelerators are presented in
Table 2. The accuracy requirements for energy and
intensity will depend largely on the type of beam delivery
system that the treatment room uses. For example,
scanning the target volume with a narrow pencil beam and
rapid energy changes from the accelerator will have much
tighter accelerator energy, intensity, and spot position
requirements than a beam delivery system that uses lead
foils to passively enlarge the beam. Of course, active
scanning will offer superior sparing of normal tissues and
is a clear goal for all proton and light ion facilities.
Examples of active and passive beam delivery systems are
shown in Fig. 3a and 3b. For active beam scanning, the
accelerator control system must contain a library of energy
ramp sets that can be executed in rapid succession to
generate SOBPs (Fig.2) at the patient. The exact sequence
of energies and intensities must be transmitted
electronically from the treatment planning computer for
each patient.

Tumor

Fig. 3a: Lead foil scattering system to enlarge the beam laterally after
transport to the treatment room. Oftentimes, another passive device
(not shown) in the treatment room, called a range modulator, is used to
degrade parts of the beam to various ranges, which generate the SOBP.
Ths is used in lieu of multiple energy changes from the accelerator.
The time structure of the extracted beam is not important in this case.
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Fig. 3b: Raster scan magnet system to sweep a small (1 cm) beam
across the tumor volume. Here, the energy of the beam must be varied
from the accelerator.

Fig. 4a and 4b show the ranges of energy and intensity
that are required for proton therapy. The energy range most
often specified for a therapy accelerator is 70 to 250
MeV, which corresponds to 3 to 40 cm range in water or
soft tissue. Fig. 4b shows the fluence requirements in
units of protons/cm?Gy and should be scaled using the
appropriate field size, dose rate, and modulation depth that
is desired. The ideal facility should have efficient beam
extraction and beam delivery systems which will require
the minimum beam current (protons/min) to achieve
treatment times below several minutes with doses of
approximately 2 Gray. This minimizes the risk of an
inadvertent overdose to the patient.

Praton Range {cm in water)
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Fig. 4a: Proton energy vs. range in water’
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Fig. 4b: Proton fluence/Gray versus width of SOBP for 155 MeV
maximum energy’. The proton fluence per Gray for 250 MeV
maximum energy is about 30% higher than this curve and about 30%
less for SOBPs with 100 MeV maximum energy.

4 GENERAL REQUIREMENTS

Some obvious requirements only need mentioning for
completeness, but require careful attention for a successful
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facility. Accelerator reliability is one of the top priorities’

for all therapy operations. For example, the LLUPAF
synchrotron has enjoyed 98% uptime for patient
treatments with five treatment days per week and 24-hour
operations.

The proton synchrotron services four treatment rooms
and one research room. The high reliability has been
accomplished with the help of a maintenance team that
monitors various systems to perform preventive
maintenance before failures occur, particularly with
magnet power supplies, vacuum components and water
cooling systems. Accelerator reliability is extremely
important, particularly for patients in the middle of three-
or four-week treatment schedules. Clinical data have
shown that patients whose treatments have been
interrupted for two or more weeks have increased risk of
tumor recurrence compared to patients who keep regularly
scheduled treatments. Most of the accelerator down time
(2%) over the past three years was due to power outages
that caused vacuum failures and magnet power supply
problems related to chilled water systems. Oftentimes,
any missed treatments can be made up on weekends or by
increasing daily dose fractions.

A new facility must be designed for high patient
throughput to be financially solvent and to rapidly acquire
statistically significant clinical data for each disease site
being treated. High patient throughput requires a large
number of activities to run smoothly. On the accelerator
end, the ability to switch beam energies and treatment
room destinations quickly and reliably is crucial to
reducing patient waiting times. For the same reason, the
dose rate (or intensity) from the accelerator must also be
sufficiently high to avoid limiting patient throughput.

At LLUPAF, the average treatment time per patient is
about two minutes and the time to switch treatment
rooms less than one minute. Since the time to align the
patient requires typically ten to fifteen minutes, the

accelerator performance does not currently limit the patient
throughput. The Loma Linda facility has demonstrated
patient throughput as high as 125 patients in a 16-hour
day.

Attention should also be given to power supply
stability in accelerator systems. This affects energy,
intensity, and position stability of extracted beams. In
beam transport lines, dipole bending magnet stability
effects position stability of the beam in the treatment
rooms. Typical values of beam position tolerance require
fluctuations less than + 1mm in the treatment rooms, at
the end of a beam line that may be 50 meters from the
accelerator. In some cases, the current output from a
bending magnet power supply in the beam lines may
require current stability to the magnets better than 0.1%.
Reproducible and stable current output to all beam
transport magnets is crucial to avoid beam losses during
treatment and to maintain correct beam position in the
treatment rooms. ‘ :

Efficiency of beam extraction from the accelerator is
an area where higher efficiency will lower the radiation
activation of accelerator components and make
serviceability much easier. Shielding requirements for
personnel will also be lower. Higher beam transport
efficiency through the switchyard will lower the required
intensity from the accelerator, thereby reducing neutron
exposure to personnel and the general public. Typical
values for beam extraction efficiency and beam transport
efficiency at LLUPAF are 90%, with extracted beam
currents less than 5 nA (time averaged). This leads to very
low equipment activation and low exposure to personnel.

5 REQUIREMENTS FOR BIOLOGICAL
STUDIES

A large NASA program has begun at Loma Linda to
investigate the health effects of space radiation on
astronauts on long missions. These experiments present
requirements that differ from therapy beam requirements.
In general, they require very low dose exposures,
extending from one day to several weeks. To accommodate
these requirements, the accelerator must have intensity
control that is roughly 100 times lower than therapy
beams with energies from 20 to 300 MeV. Small energy
changes (< 4 MeV) of once per second would be required
to cover this large dynamic range. Many of these
irradiations must be done between patient treatments and
therefore require a separate room with semipermanent
biologic setups. Accelerator and beam line controls must
be able to switch between a treatment room and the
research room fast enough (less than one minute) so that
patient wait times are low. In addition, measurements of
mammalian cell damage on the sharp distal edge falloff of
the Bragg peak (see Fig. 1) require energy stability of
0.1% from the accelerator. Fortunately, this is within
accuracy and stability limits of modern proton therapy
accelerators. These are only two examples of a large class
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of research requirements that need to be satisfied by the
accelerator and control system.

6 INTENSITY REQUIREMENTS FOR
BEAM SCANNING

The stacked Bragg peaks in Fig. 2 show that the integrated
dose for each peak is different. A dynamic range of 20:1 is
required to obtain the desired dose uniformity throughout
the SOBP. Approximately ten to twenty energies will be
required for each treatment to generate the desired dose
uniformity over the entire depth of the tumor. Studies
have shown® that it is much more time efficient to vary
the accelerator intensity for different proton energies than
to vary the dwell time for individual energies to achieve
the 20:1 range of doses between Bragg peaks. Variable
intensity control is, therefore, desirable. The ability to
control the beam current from the accelerator with an
accuracy of = 10% over the 20:1 dynamic range also is
desirable. For beam scanning applications, it is desirable
to have the intensity as uniform as possible as the beam
is swept across a target volume, to “paint” a uniform dose
~ distribution. The detailed requirement depends on the beam
spot size, G_in the patient and the sweep speed, v, of the
scanning magnets. In general, all frequencies below f =
v/G should have intensity ripple below =+ 3% to have
dose errors less than £ 3% in the plane transverse to the
beam direction. For example, a typical beam diameter of 1
cm and magnet sweep speed of 1 cm/ms, yields an
intensity stability requirement of + 3% for frequencies
below 1 kHz.

7 ENERGY CONTROL
REQUIREMENTS FOR BEAM
SCANNING

Due to the sharp falloff at the distal edge of a mono-
energetic Bragg peak, each energy must be delivered very
precisely relative to the preceding one to generate a
superposition of Bragg peaks (or SOBP) with good dose
uniformity throughout the depth of the target. When the
mono-energetic beams are generated from the accelerator
and not from passive devices in the treatment room beam
delivery system, much tighter energy control is required.
A minimum targeted dose uniformity throughout the
tumor volume is currently + 3%. Note that the distal
dose falloff is sharper at lower energies due to lower
energy straggling for particles of less range in tissue.
Therefore, the dose uniformity, in depth, is more sensitive
to range errors at low energies than at high energies. The
effects of a 0.7 MeV error (or equivalently 1 mm of range)
from one of the Bragg peaks can be clearly seen in Fig. 5,
where the dose non-uniformity has increased to 10% near
the distal edge. Further simulations have shown that an
energy accuracy of £ 0.1 MeV to + 0.3 MeV (see Table
1, below) is necessary to insure + 3% dose uniformity in
the SOBP.

Depth Dose Uniformity
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Fig. 5 Effects of 0.5 MeV (I mm range) energy error on the

uniformity of the SOBP. Note that the clinical tolerance of + 3% has
been exceeded.

Table 1: Energy accuracy to achieve + 3% Dose
Uniformity in the SOBP
[ Energy Allowed Correspondi | Distal Dose
(maximum) | Energy ng  Range | Falloff of Bragg
Error Error peak (90%-
10%)
100 MeV +0.1 MeV + 0.1 mm 1.8 mm
155 MeV + 0.2 MeV + 0.4 mm 4.3 mm
250 MeV + 0.3 MeV + 0.8 mm 10.0 mm

Fig. 6 shows the dose uniformity as a function of range
error for SOBPs with 100 MeV, 155 MeV and 250 MeV
maximum energies. The graph is a compilation of
1000 SOBPs with random range errors selected from a
gaussian error distribution. The dose uniformity is
indicated for the 95 percentile group of the 1000 SOBPs
which were generated for each gaussian range error. The
range error for + 3% dose uniformity is consistent with
the values shown in Table 1.

Beam Energy (range) Error Analysis
Depth dose unilormity vs. range error for stacked Bragg peaks
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Fig. 6: A monte carlo analysis of 1000 SOBPs for each gaussian error
function. Each mono-energetic Bragg peak is given an error and the
uniformity of the SOBP is calculated. The curves indicate the upper
limit of non-uniformity for 95% of the cases.

Comparison of the three basic accelerator types for
proton therapy is outlined in Table 2. All three designs
have been shown to work for therapy applications and all
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three are currently being built or used for therapy facilities
around the world. The parameters listed above are those
that customers examine most when selecting an
accelerator.  Vendors of proton therapy synchrotrons
include Mitsubishi Electric Corp. in Kobe, Japan and
Optivus Technology, Inc. of San Bernardino, CA. The
intensity limit for synchrotrons in Table 2 is taken from
the Hitachi accelerator, which uses multiturn injection.

The cost for each type of accelerator has not been .

included because it depends on the vendor’s amortization
schedule and the quantity of units to be sold. For example,
the cost of development, engineering and overhead may be
included differently among vendors. This dependence is
probably larger than the difference between economical and
more expensive designs. Roughly speaking, cost ranges
can be expected to fall between eight and fifteen million
dollars (in 1999 dollars) for the three accelerator types,
with maximum energy capabilities between 220 to 270
MeV.
Table 2: Accelerator comparisons

Synchrotron Cyclotron | LINAC
Vendor(s) Fermlab/ IBA

Optivus (Belgium) ENEA(italy)

Technology

(USA)

Hitachi

(Japan)
Energy level | continuous Tixed continuous
selection
Intensity  hmut | 5x10"/mn. AHAN™ AHAN™
(ave.)

" Size (diam. or | 6 meters 4 meters 37 meters

length)
Ave. power
consumed 370 kW 300 kW 320 kW
(beam on)
Beam emittance | 1-3 © mm- { 10 ®* mm- | O.lIxn
(unnormalized. mrad mrad’ mm-mrad
67% of beam) :
Rapid  energy | 4 MeV/s 4 MeV/s 4 MeV/ms
changes : _
Duty factor (% | 20% at 0.5Hz | 100% or| 0.1%
beam on time) CW at 300Hz
Beam intensity
uniformity  (for | adequate™* good good
scanned beams) _
Beam extraction | 90% N/A N/A
efficiency _ "
Energy spread | =0.1% +0.5% +0.1%
(typ) _ 4
Energy stability +0.1% N/A +0.1%

N/A  Not (yet) available

IBA — lon Beam Applications, Inc.

* While the energy extracted from the cyclotron is fixed, a variable
thickness plastic wheel, which intercepts the beam, can reduce the
energy to the desired level in a continuous fashion. The main penalties
are higher emittance from multiple scattering and higher intensity
losses from the energy degrading process which contribute to higher
shielding requirements.

** AHAN - As High As Necessary. These intensities can exceed
100 pA but they can be hardware limited at the ion source to the 30 to
300 nA range.

*** Beam intensity uniformity for active beam scanning generally
requires intensity regulating feedback loops to achieve uniform
intensity. First demonstrated use of a scanning beam system occurred
at the Berkeley synchrotron® in 1992. Adequate spill uniformity was
achieved using intensity control feedback loops.
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8 SUMMARY

The design effort for developing a hospital-based heavy-
charged-particle facility mandates a highly orchestrated
program that requires the hospital